new research interest (Shafi, Kamili, Shah, Parray, & Bandh, 2017) .
Microorganisms are rich in genetic diversity and an essential part of aquatic ecosystems and play important roles in global biogeochemical cycles (Newton, Jones, Eiler, Mcmahon, & Bertilsson, 2011) . In alpine lake ecosystems, performing these roles is supported by different microbial communities, ensuring that carbon, nitrogen, phosphorus, and sulfur are recycled back to the water column (Compte-Port et al., 2018) . Furthermore, extreme environmental variables of alpine lakes may result in species or taxon sorting that is unique to these ecosystems (Sommaruga & Casamayor, 2009 ). However, microbial diversity and community composition in alpine lake sediments and the associated regulatory variables need further study. Therefore, to study the diverse microbial communities of alpine lake sediments, we can understand the biogeochemical processes and ecological mechanisms that underlie ecosystem function (Liu, Yang, Yu, & Wilkinson, 2015) .
The Hengduan Mountains is the general name for a series of north-south parallel mountains in Sichuan, Yunnan, and eastern Tibet in China and extending into northernmost Myanmar. There are numerous alternating ridges and deep valleys with altitudes ranging from 2,000 to 6,000 m (Oh, Wang, Wang, Liu, & Hur, 2014) . These mountains are recognized as one of the 35 biodiversity hotspots in the world and the most biologically temperate region in the world (Jiménez, Long, Shevock, & Guerra, 2016) . There are many lakes of different sizes in the mountain range, which are ideal places to study the microbial diversity of water bodies in the Hengduan Mountains. However, to date, there has been only sporadic knowledge of microbial communities in the area (Chen et al., 2018) . Thus, profiles of the microbial diversity and community composition in alpine lake sediments of the Hengduan Mountains remain largely unknown. In addition, the correlation between microbial diversity and altitude and environmental variables in these alpine lake ecosystems remains to be studied.
In this study, we adopted integrated geochemical and molecular biological technology to analyze the microbial diversity and spatial distribution of microbial communities in remote alpine lakes. Our aims were to characterize the microbial community structure and composition in alpine lakes of the Hengduan Mountains and explore the correlation between microbial structure and different environmental variables.
| MATERIAL S AND ME THODS

| Sample collections and in situ measurements
The sampling sites are located at alpine lakes in the Hengduan Mountains (27°31′40″-28°14′31.2″N and 98°12′49.2″-100°4′1.2″E), which are under the conditions of low temperature and hypoxia throughout the year. A total of 15 alpine lake sediment samples were collected using a stainless steel grab sampler at different locations in the Hengduan Mountains in 2015 (Figure 1 ). GS2-1, GS2-2, GS3-1, GS3-2, GS3-3, GS4-2, and GS4-3 were collected in October or November; while DK, DV, GGC, NB, NB-1, SL, WD-2, and ZN were acquired in May or June. Samples (upper 3 cm) from each station were pooled, homogenized, collected in sterile 50 ml tubes, and immediately stored at −20°C until DNA extraction was undertaken in our laboratory. We classified the sample number based on the sampling order. At each station, depth and sediment temperature (T) were profiled by a SeaBird CTD (SBE37 MicroCAT, SeaBird), and altitude was determined by GPS. The pH was detected using a pH meter (Ohaus, NJ), and dissolved oxygen (DO) was measured by a DO meter (HQ30D, HACH). Sediment water content (SWC) (10 g of each sample) was determined as gravimetric weight loss after drying the sediment at 105°C until constant weight (Guo et al., 2015) .
| DNA extraction and PCR
We used next-generation technology (16S rRNA gene-based tagencoded FLX amplicon pyrosequencing, bTEFAP ® ) to characterize the microbial diversity and community composition of alpine lake sediments (Dowd, Sun, Wolcott, Domingo, & Carroll, 2008; Jacob, Hussein, Shakhatreh, & Cornelison, 2017; Swanson et al., 2011) . The genomic DNA of 15 alpine lake sediments was extracted from 1 g of the sample using an E.A.N.A. Soil DNA Kit (OMEGA, Georgia, GA) as indicated in the instructions (Peng, Zi, & Wang, 2015) . The V4 region of 16S rRNA gene was amplified by PCR using primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Sun et al., , 2017 . The primer pair has been shown to generate optimal community clustering with the sequence length in the V4 region (Caporaso et al., 2011) . Before sequencing on the Illumina MiSeq sequencing platform, we amplified the V4 region by adding sample-specific 10-base barcodes and universal sequencing tags by sample-specific PCR protocol. Amplicon libraries were pooled with an equal volume of each barcoded product, purified using an Agencourt AMPure XP system (Beckman Coulter, CA), and the product size distribution was checked on an Agilent Bioanalyzer 2100.
Purified libraries were quantified using a Qubit ® dsDNA HS Assay Kit (Life Technologies, CA) and then used for sequencing analysis.
| MiSeq Illumina sequencing and data analysis
16S rRNA gene libraries were constructed using an Illumina MiSeq (San Diego, CA) platform. Filtered clean reads were analyzed using the Uparse (http://drive5.com/uparse/, version 7.1) and mothur pipelines (Version 1.35.1) (Deng, Cui, Hernández, & Dumont, 2014) . All statistical analyses were carried out using the R language. The sequencing reads were classified into operational taxonomic units (OTUs; sequences with similarity ≥97% were defined as one OTU) . The OTU annotations were based on the Silva (Silva_119_re-lease_aligned) database (Quast et al., 2013) . Microbial α-diversity estimates (abundance-based coverage estimate [ACE], Chao1 and Shannon index) were calculated by the mothur program according to the OTU assignment (Star, Haverkamp, Jentoft, & Jakobsen, 2013 ).
The relative abundance (i.e., the proportion of sequences from a phylum/class relative to the total number of sequences in the sample) was calculated. We performed a heatmap analysis using drawing tools on the BMKCloud platform (www.biocloud.net). Rarefaction curves, hierarchical clustering analysis, and principal coordinate analysis (PCoA)
were performed using Past3 software (Version 3.22) (Aguilar, Acosta,
| RE SULTS AND D ISCUSS I ON
| Site descriptions and environmental variables
A total of 15 alpine lake sediment samples from different geographical locations were included in this study. The geographic location and environment variables data for each sample site are shown in Figure 1 and Table 1 . These sites are located in the mountains of Yunnan and Tibet in Southwest China. All samples were collected at altitudes above 3,500 m, ZN had the highest altitude at 4,636 m, and the water depth ranged from 2.4 to 53.8 m for all sites. The temperature of most samples ranged from 7.1 to 14.6°C, except for ZN, which had the lowest temperature at 3.5°C. The sediment pH ranged F I G U R E 1 Map of the study area, showing the location of the sampling stations (a, b) from 6.03 to 9.57. Individual samples (GS2-2, GS3-3, and GS4-3) had pH values below 7.0, while the other samples were neutral or alkaline. The highest DO concentration in all samples was 7.94 mg/L for GS4-3 and the concentration in the remaining samples was approximately 7.0 mg/L. The SWC varied from 14.06% to 95.23%.
| Microbial richness and diversity
The raw sequencing data were rigorously processed using mothur and exceeded 562,240 high-quality partial 16S rRNA sequences that completely spanned the V4 region. After filtering, the sequence library of each sample contained 8,379-20,615 sequences ( Table 2 ).
The species abundance levels (D = 0.03) totaled of 15,828 OTUs in the complete data set, varying from 508 to 1,785 OTUs among sediment sample locations. The range of ACE was 1,210-2,844, while the range of Chao1 was 877-2,558, which were known as richness indices. GS4-3 had the largest number of OTUs, correspondingly, the ACE and Chao1 index levels were also very high. In addition, NB-1 had the fewest OTUs, and the levels of ACE and Chao1 were also low. The rarefaction curves of the OTUs indicated that diversity was completely sampled in all 15 sediments (Appendix Figure A1) . TA B L E 2 Richness and diversity estimates for Illumina libraries from alpine lake sediments of the Hengduan Mountains diversity among sites, was 3.62-6.54. In addition to high community richness, station GS4-3 also had the highest microbial diversity among all sites. By comparing the two index values, we found that the diversity index was usually positively related to the richness index.
The results of this study indicate that the microbial abundance and diversity of the alpine lake sediments in the Hengduan
Mountains are quite high. The ACE, Chao1, and Shannon indices were higher than those in previous studies in the Gossenköllesee alpine lake in Austria (Rofner et al., 2017) . This suggests that the sediments from alpine lakes in the Hengduan Mountains contain more microbial diversity than we expected, and sediment microorganisms in alpine lakes have a large reservoir of genetic variability.
| Microbial community taxonomic composition
The sequences within each Illumina MiSeq library were classified using mothur at a threshold of 45.7% to characterize the microbial community composition in each sediment sample. A total of 256,830 sequences were classified and assigned to 32 microbial phyla, 18 of which were present in each sediment sample ( Figure 2 ;
Appendix Table A1 ). "Rare Phyla" account for 1.45%-18.67%.
OTUs that could not be assigned to a class were defined as unclassified microorganisms and were ubiquitous in all sediments but only accounted for 0.43%-3.25%. Proteobacteria (22.27%-64.48%) was the dominant phylum in all sediments, followed by
Bacteroidetes (4.40%-30.85%), Acidobacteria (2.47%-12.32%), F I G U R E 2 Relative abundance of phylum-level microbial community composition for fifteen sediment samples. "Rare Phyla" include all phyla comprising <1% of the total microbial community composition F I G U R E 3 (a) Similarity unweighted pair group method with arithmetic mean dendrogram of OTU clustering analysis; (b) principal coordinate analysis based on a Bray-Curtis similarity matrix between sediment samples
Chloroflexi (1.13%-9.82%), and Planctomycetes (0.87%-12.78%), which accounted for a large proportion of the phyla in most sampling stations. This result is similar to the results of microbial diversity studies in surface sediments of Qinghai Lake, Tibet (Yang, Ma, Jiang, Wu, & Dong, 2016 Figure A2 ).
In this study, Proteobacteria was the dominant phylum in all sediment samples. Many previous studies have shown that the predominance of Proteobacteria in various lake sediment (Aszalós et al., 2016; Dai et al., 2015; Yang et al., 2016) . A variety of microorganisms from Proteobacteria participate in various biogeochemical processes in aquatic ecosystems .
Appendix Table A2 shows the 20 known proteobacterial genera detected in the 15 samples (Cheng, Zhang, Wang, Wang, & Xie, 2014 (Cheng et al., 2014; Liao et al., 2013) . Therefore, we believe that these genera have multiple mechanisms involved in biogeochemical processes. Members of the genus Sulfuricurvum (Epsilonproteobacteria) have been considered associated with sulfur oxidation (Kodama & Watanabe, 2004) . A large number of sequences classified as Sulfuricurvum appeared in GGC, indicating a strong sulfur oxidation process in this sediment.
In addition, we know that Proteobacteria and Bacteroidetes mainly contribute to the community structure of alpine lakes (Rofner et al., 2017) . Notably, members of the Acidobacteria are commonly found in freshwater sediments (Newton et al., 2011) .
Acidobacteria are oligotrophic bacteria and adapt to low nutrient concentrations through strategies such as high-affinity substrate uptake systems, low growth rates, and slow population turnover rates (Fierer, Bradford, & Jackson, 2007; Männistö, Kurhela, Tiirola, & Häggblom, 2013) . Similar to several previous studies, Bacteroidetes exhibited large phenotypic and metabolic diversity in lake sediments (Bai et al., 2012; Liu et al. 2014; Zhang et al., 2015) . Most described isolates of Bacteroidetes are chemoorganotrophs, known as Cytophaga-Flavobacteria, which can play an important role in converting complex molecules into simpler compounds and are also known for their phototrophic capacity (Gómez-Consarnau et al., 2007; González et al., 2008; Kirchman, 2002; Newton et al., 2011 Furthermore, phyla that were unique for each sampling site were observed (Appendix Table A1 ). For example, Thaumarchaeota (13.39%) was a unique dominant genus of GS4-2, present at much higher levels than at other stations and in recent studies . Thaumarchaeota plays an important role in ammonia oxidation, but the driving factors for its distribution in lake sediments remain unclear (Jung et al., 2014; Zhang et al., 2015) . The ratio of
Cyanobacteria at NB-1 and WD-2 was 32.41% and 24.22%, respectively. The unique dominant phylum in GGC was Saccharibacteria (7.42%). Therefore, the abundance and diversity of microorganisms in alpine lake sediments in the Hengduan Mountains are high, and there are some unique endemic species, indicating that these sediments represent promising ecosystems for the further study of biogeochemical processes.
| Comparison of microbial community structure among sediment samples
An OTU matrix based hierarchical cluster using the unweighted pair group method with arithmetic mean was generated (Figure 3a) .
The dendrogram showed that the 15 sediment samples could be divided into five groups. The members of the first group included only GGC; the second group included GS2-2 and ZN; the third group consisted of GS4-2, NB-1, GS3-2, GS3-1, GS4-3, GS2-1, GS3-3, and NB; DV alone was included in the fourth group; and DK, WD-2, and SL were included in the fifth group (Figure 3a) . Similar results were also found in the PCoA based on a Bray-Curtis similarity matrix ( Figure 3b ). As shown by the cluster analysis, the sediment samples (except for GS2-2) distributed in Figure 1a are closely grouped compared to the samples distributed in Figure 1b . This grouping means that the microbial community structure of alpine lake sediments in different locations also has spatial heterogeneity, which is consistent with previous reports (Bai et al., 2012; Chen et al., 2015; Dai et al., 2015; Song, Li, Du, Wang, & Dinget al., 2015) . This spatial heterogeneity may be related to scale; spatial distance plays an important role in the formation of microbial community composition differences in the range of 10-1,000 km (Martiny, Eisen, Penn, Allison, & HornerDevine, 2011; Martiny et al., 2006) .
| Correlation network analysis of microbial communities
Addressing the interactions of microbial communities in the inland water ecosystem is a longstanding challenge in microbial community ecology (Cao et al., 2018; Zhao et al., 2016) . The sediment microbial network consisted of 167 nodes, and 256 edges (Figure 4 ; Appendix Table A3 ). The modularity value of the networks was 0.687(>0.50) (Appendix Table A3 ), and thus the networks had modular structures (Newman, 2006) . Therefore, the interactions network of OTUs was F I G U R E 4 OTU interactions network according to the DNA data set of the alpine lake sediments. Each node is represented by an OTU indicating an individual species. The edge between each of the two nodes represents positive (blue) or negative (red) interactions between those two species. The colors of the nodes indicate the different major phyla and the size of each node is proportional to the number of connections (i.e., the degree). The circles consist of some nodes' mean modules Table A1 (Appendix Figure A3 ) (Deng et al., 2012; Olesen, Bascompte, Dupont, & Jordano, 2007) . Here, most OTUs (97.0%) were peripheral, and most of their links were within their own modules. Only two nodes (OTU_168 and OTU_251) were connectors that "glue" modules together, which are important for network coherence (Olesen et al., 2007) . They were derived from Candidatus Solibacter (Acidobacteria) and Saprospiraceae
(Bacteroidetes). Three nodes (OTU_55, OTU_319, and OTU_4)
were module hubs and important to the coherence of their own module. The three module hubs OTUs were derived from KD4-96 (Chloroflexi), Subgroup_6 (Acidobacteria), and
Chloroplast (Cyanobacteria). It is worth mentioning that OTU_4
(phylum-Cyanobacteria) was identified as a module hub in the network of Module 4 and had the maximum number of connections (15 positive connections and one negative connection) (Figure 4) , showing the importance of its microbial composition throughout the ecosystem. Cyanobacteria are generally considered to be oxygenic photosynthetic bacteria (Shylajanaciyar et al., 2015) . OTU_4 may be highly connected with other microorganisms by providing oxygen to aerobic microorganisms, such as Planctomycetales (OTU_146 and OTU_99) and Xanthomonas (OTU_20 and OTU_99), and cooperates with other cyanobacteria to produce oxygen. This may be one reason why it was a network module hub, that is, highly connected species linked to many species within their own module (Olesen et al., 2007) . Furthermore, modularity is an indicator of resistance in a system (Carpenter et al., 2012; Ding et al., 2015) , and modularity is very important for the system stability of the network (Olesen et al., 2007) , which might explain why microbial communities adapt to the extreme environments of high mountains.
| The relationship between the microbial community and environmental variables
To assess the relationship between microbial communities and environmental variables, RDA analysis was performed (Figure 5a ).
The total interpretable variation of the microbial community composition of the first two axes RDA1 and RDA2 reached 39.18%.
RDA1 was affected mainly by DO, depth, temperature, and altitude.
The pH and SWC had the largest effect on RDA2. Proteobacteria, Cyanobacteria, and Actinobacteria were projected in the positive direction of RDA1, so these microbial phyla are positively correlated with temperature, SWC, and pH, while negatively correlated with altitude, depth, and DO. However, the correlations of the other phyla (except the Bacteroidetes) were reversed. In addition,
Bacteroidetes were positively related to pH but negatively related to SWC. However, Planctomycetes showed the opposite correlations. RDA also indicated that only temperature contributed significantly to the sample-environment relationship (p < 0.05), providing 18.4% of the RDA explanatory power (Figure 5b ).
Moreover, the three samples with the greatest temperature influence were GGC, WD-2, and DV, and the least affected was ZN.
Although not significant (p = 0.06), SWC also provided 11.6% of the explanatory power, and GGC, NB-1, and GS3-1 were the three most affected samples.
To test and verify the relationship between environmental variables and microbial community composition, a correlation analysis between sediment environmental variables and the relative abundance of 10 abundant classes was performed (Xu et al., 2014) (Figure 6 ). The results indicated that the relative abundance of Nitrospira was negatively related to pH (Figure 6d ). For SWC, the relative abundance of Deltaproteobacteria had a significant negative correlation, while SWC was positively correlated with Betaproteobacteria (Figure 6a,b) . We also found that the relative abundance of Gammaproteobacteria decreased significantly with increasing altitude (Figure 6c ).
The RDA results in this study suggest that temperature (p < 0.05) significantly influences the microbial community composition in the alpine lake sediments (Figure 5a ). Zhou, Deng, et al. (2016) described the effect of temperature on increasing microbial richness and diversity and shaping microbial community composition. High temperatures mean high metabolic rates, growth rates, ecosystem productivity, ecological interactions, and population doubling times (Brown, Gillooly, Allen, Savage, & West, 2004; Chen, Landry, Huang, & Liu, 2012; Wang, Brown, Tang, & Fang, 2009; Zhou, Deng, et al., 2016) . Concurrently, other environmental factors such as water, carbon, nutrient availability, and pH can also interact with temperature to indirectly affect biodiversity and microbial community composition (Zhou, Deng, et al., 2016) . Consistent with our RDA results, temperature was positively correlated with Cyanobacteria and Proteobacteria. We speculate that in higher temperature environments, due to the higher rates of metabolism and growth rates, the production and consumption of resources accelerates, so the abundance of Cyanobacteria and Proteobacteria also increases, and the chemical cycle is more borne by these two microorganisms. This speculation agrees with previous reports that temperature is a crucial environmental variable that controls the distribution of nitrogen-fixing microbial communities, such as N 2 -fixing Cyanobacteria (Stal, 2009; Zhou, Dang, & Klotz, 2016) . In addition, temperature also affects the O 2 solubility in the pore water of the sediment (Zhou, Dang, et al., 2016) . In low-temperature environments, however, anaerobic and/or facultative anaerobic microorganisms with low oxygen demand such as Euryarchaeota, Chloroflexi, and Nitrospirae bacteria also participate in chemical cycles. Thus, the microbial composition of alpine lake sediments is affected. Sediment SWC (Guo et al., 2015) , pH (Zhao et al., 2011) , DO (Yadav, Khardenavis, & Kapley, 2014) , depth ,
and geographic factors such as altitude (Chen et al., 2017) can also (2018zzts119, 2018zzts392, 2017zzts076, 2017zzts351) .
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